Abstract: The present article describes the recent catalytic asymmetric methods developed in our group to access enantioenriched chiral aldehydes. We are generally aiming at developing complementary strategies based on either homogeneous organometallic catalysts or amino-catalysts and sometimes on a combination of both. Recent successes comprise a perfectly redox-economical iridium-catalyzed asymmetric isomerization of primary allylic alcohols under very mild conditions and the development of a transition metal-catalyzed anti-Markovnikov asymmetric hydroboration of 1,1-disubstituted olefins. The developments of these two processes along with preliminary mechanistic investigations are presented herein.
Our long-term research program is centered on the development of new catalytic methods to facilitate access to complex natural products and non-natural analogues that are of importance in biology and medicine (i.e. a target-oriented approach). We place particular emphasis on asymmetric catalysis driven in particular by the study of new reactivity patterns and unconventional reaction mechanisms (i.e. a methodology-driven approach).
Current efforts in the group are directed towards the development of general methods to access enantiopure aldehydes with perfectly controlled α-and/or β-stereocenters. Such chiral aldehydes are highly prevalent in a variety of biologically active natural products, pharmaceutical agents and fragrances as a key functionality. Moreover, because of their intermediate oxidation state and their dual mode of reactivity (i.e. either as nucleophiles or electrophiles), they are also often encountered as pivotal intermediates in the synthesis of more complex scaffolds.
A major concern in our research program is to elaborate new methods that rely on sustainable catalytic processes. In this context, we have recently developed a perfectly redox-economical iridium-catalyzed asymmetric isomerization of primary allylic alcohols that produces a variety of chiral aldehydes under very mild conditions. In the present article the milestones of the successful development of this reaction will be presented, along with a more recent extension of this methodology that relies on the sequential use of an organometallic catalyst and an amino-catalyst. Our recent results in the development of a transition metal-catalyzed anti-Markovnikov asymmetric hydroboration of 1,1-disubstituted olefins will also be presented. This complementary method gives access to α-chiral aldehydes after sequential oxidation of the chiral boranes to the alcohol and then to the aldehyde oxidation state.
Isomerization of Primary Allylic Alcohols
When we initiated our studies in this area, the quest for highly selective catalysts for the asymmetric isomerization of primary allylic alcohols (PAA) had stagnated for several years. A survey of the literature revealed that no suitable catalyst had been identified for the non-asymmetric version of this transformation, in particular for PAA with highly substituted double bonds (as it is the case for most prochiral substrates). [1, 2] Therefore, we first set out to develop a general method for the non-asymmetric isomerization of PAA that would cover a diverse array of polysubstituted substrates. The identification of a catalytic system that would operate under mild reaction conditions was a major concern in view of the subsequent development of an asymmetric version of this isomerization reaction.
We decided to tackle this problem based on the common observation that isomerizations are the most recurrent competing pathways identified during the hydrogenation of C=C double bonds. [3] We hypothesized that by fine-tuning the reaction conditions, it should be possible to deviate hydrogenation catalysts from their initial task in order to promote preferentially the isomerization pathway(s). In the early 1980s, Crabtree and Stork independently demonstrated that complex 1 (i.e. the Crabtree catalyst) catalyzed the directed hydrogenation of a variety of PAA, homoallylic alcohols and secondary allylic alcohols. [4, 5] The remarkably mild conditions, the high level of predictability for diastereoselective hydrogenations and the virtual insensitiveness of the metal center with respect to the substitution of the C=C double bond of the substrate have favored the implementation of this complex in the main toolbox of the synthetic chemist. In addition, a couple of reports described either undesired isomerizations or even exclusive isomerization for some specific olefinic substrates with catalyst 1, thus lending credence to the feasibility of our initial hypothesis. [6, 7] Early in our studies, we identified that generating the active form 1-(H) 2 of complex 1 by bubbling molecular hydrogen through a THF solution followed by extrusion of the dissolved molecular hydrogen prior to substrate addition led to the exclusive and quantitative isomerization of PAA into aldehydes. With rigorous application of this new protocol we never observed any traces of the hydrogenation product. Further optimizations showed that -in analogy with hydrogenation reactions -the BAr F anion led to increased reaction rates when compared to the less dissociated PF 6 anion (BAr F = tetrakis-[3,5-bis-(trifluoromethyl)phenyl]borate). The scope of this new method turned out to be relatively broad and a variety of PAA was isomerized quantitatively in acceptable reaction times (1-24 h), using moderate catalyst loadings (0.25-5.0 mol%) the third generation of catalysts 4 outperform catalysts 2 and 3 for (E)-configured substrates having small alkyl substituents at C(3) (ee = 80% for R = Me and ee = 90% for R = Et). In the case of purely alkyl-containing PAA, the challenging isomerization of geraniol produced citronellal in 49% yield and 82% ee (Scheme 3). [14] The identification of enol intermediates during the course of the iridium-catalyzed isomerization reaction prompted us to explore the possibility to generate chiral aldehydes with stereogenic centers on the α-and β-position using a variety of electrophiles. Since preliminary attempts were met with little success, we decided to follow the recently established HOMO-raising strategy that relies on the use of secondary and mild experimental conditions (23-65 °C) . Later, systematic investigations on the structure of the achiral catalyst revealed that the specific combination of a trialkylphosphine with a nitrogen-containing ligand was crucial to obtain a catalytically active iridium complex for the isomerization of PAA (Scheme 1). [8] Building on these key observations, we identified ligand scaffold 2 as a potential candidate for the development of an asymmetric version of the isomerization of PAA into aldehydes. The original synthesis of this scaffold had been described by Helmchen and co-workers in the early 1990s in the context of the Pd-catalyzed asymmetric allylic alkylation reactions. [9] At that time, only aryl-phosphine derivatives had been reported, presumably for their ease of synthesis and manipulation in standard laboratory atmosphere. Notably, this scaffold has been subsequently used in Rh-and Ir-catalyzed asymmetric hydrogenations by the Imamoto and Pfaltz groups respectively. [10] Keeping our synthetic constraints in mind and following the highly modular synthetic route developed by Helmchen, we rapidly accessed a series of air-sensitive (dialkyl)-phosphino-alkyloxazoline ligands. The corresponding air-stable [(PN) Ir(cod)].BAr F complexes were obtained in good yields (60-88%) following literature procedures (Scheme 2). [11] Preliminary investigations on a model substrate showed that (i) these complexes displayed a catalytic activity similar to the achiral catalyst 1, (ii) the reaction was highly dependent on the size of the P-alkyl substituents; the bulkier substituents leading to the highest enantioselectivities. Under the optimized conditions, the isomerization product was obtained with unprecedented yield and enantioselectivity (98% yield, 95% ee or 75% yield, 97% ee). [12] The generality of the reaction was subsequently investigated with the most reactive and selective catalysts. The reaction turned out to be relatively substrate-dependent. Whereas (E)-configured aryl-alkyl PAA with large alkyl substituents were isomerized with high yields and enantioselectivities, analogous substrates with a small alkyl substituent or a (Z)-configured double bond led to lower yields and enantioselectivities. Interestingly, a competing (E)/(Z) isomerization was observed for the most difficult substrates. Purely alkylsubstituted PAA were revealed to be more challenging to isomerize with high level of enantioselectivity.
Compelling evidence gathered through a series of complementary experiments (X-ray analysis, labeling experiments, 1 H NMR identification of reactive intermediates…) led us to propose a plausible mechanism for the isomerization of PAA with these [(PN)Ir(cod)].BAr F complexes under our experimental protocol. The conformational binding of the PAA on the transient cis-dihydride intermediates was hypothesized to be crucial to explain the high activities and enantioselectivities observed for the more biased substrates and to rationalize the competing (E)/(Z) isomerization pathway. The migratory insertion step was reasoned to be both rate-and enantiodetermining.
On the basis of this mechanism, two other generations of catalysts were synthesized. Elaborated around a readily accessible and less expensive amino-alcohol, the second generation of catalysts 3 enabled the isomerization of purely alkyl-containing PAA with unprecedented activity and selectivity levels (ee up to 90%). [13] Equally accessible, α-methylstyrene, yielded the hydroboration adduct with an ee value of 92% (β:α >99:1; 92% yield). Electron-poor analogues led to ee in the range of 76-80%, whereas electron-rich and bulkier substrates displayed lower selectivity values (31-55% ee) (Scheme 5).
We next established that all carbon oxidation states -including the aldehyde oxidation state -are accessible from the alkylborane adducts without noticeable epimerization of the α-stereogenic center. [21] The 4-bromo-substituted adduct was further derivatized by orthogonal functionalization via sequential Suzuki reactions. [22] First, the halide was selectively engaged in a coupling reaction with phenylboronic acid under benchmark conditions (Pd(OAc) 2 , dppf, K 3 PO 4 ). Next, the pinacolatoborane moiety was converted into the corresponding trifluoropotassium derivative. Finally, the β-adducts could be cross-coupled with amine-based organocatalysts to introduce the stereogenic center in α-position. Our investigations began by establishing the compatibility between the achiral organometallic catalyst 1 and several organocatalysts 4-6 [15] using (ethene-1,1-diyldisulfonyl)dibenzene ((H 2 C=C(SO 2 Ph) 2 ) as electrophile. After optimization it was found that both catalysts could be used sequentially in the same reaction vessel. During these studies we measured a deviation from the expected 1:1 syn/anti ratio for the most biased substrates. Building on this observation we first developed a kinetic resolution by lowering the stoichiometry in electrophile to 0.5 equivalents. Although the results obtained were not in the useful range, we believe this study will serve as a blueprint for the development of more efficient catalysts for other kinetic resolutions, in particular because related examples in enamine catalysis are scarce in the literature. A more practical advance was achieved when using two chiral catalysts for this sequential transformation. Combining different nucleophiles (PAA) and electrophiles (H 2 C=C(SO 2 Ph) 2 , NFSI, NCS, DEAD), a variety of α,β-chiral aldehydes were obtained in acceptable yield, high dr and virtually perfect ee (Scheme 4). Remarkably, even when the mismatch organocatalyst was employed in the second step of the sequence, the corresponding set of diastereomeric products were still obtained with high dr and ee (not shown in Scheme 4). [16] Asymmetric Hydroboration During our investigations on alternative modes of activation of our isomerization catalysts we have serendipitously discovered a long-sought anti-Markovnikov hydroboration of 1,1-disubstituted olefins with unprecedented regio-and enantioselectivity levels. Aside from any regioselectivity consideration, this peculiar class of olefinic substrate is notoriously challenging to react with high enantioinduction for mechanistically unrelated mediated or catalyzed asymmetric processes. [17] This has been hypothesized to be due to the difficulty of the chiral auxiliary or the chiral catalyst to distinguish between two geminal substituents. In the specific case of transition metal-catalyzed asymmetric hydroboration reactions, in the very few examples where the anti-Markovnikov adducts were obtained preferentially over the Markovnikov adducts, the yield and enantioselectivity of the borane derivatives were usually low. Surprisingly, the early observation by Marder and Baker that some iridium precatalysts favor the anti-Markovnikov regioselectivity for simple non-prochiral styrenyl derivatives had never been exploited in the context of asymmetric catalysis. [18, 19] At the outset of our investigations, we established that this trend persisted for α-substituted styrenyls when various iridium sources were employed. Consistent with previous studies, the use of pinacolborane as hydroborating agent helped enhance the inherent regiopreference but also led to more stable adducts. Next, a survey of various privileged chiral ligands revealed that -again -the combination of a P-and N-donor atom was crucial to obtain any measurable enantioinduction. [20] Under optimized conditions the borane adducts were consistently obtained with perfect anti-Markovnikov regioselectivity and good yields.
The enantioselectivity turned out to be highly dependent on the electronic and steric features of the 1,1-disubstituted olefin employed. Our model substrate, 4-bromoanisole without epimerization of the benzylic position applying conditions developed by Molander and co-workers. [23] This demonstrated that under appropriate experimental conditions the C(sp 2 )-C(sp 3 ) coupling reaction was faster than the concurrent β-hydride elimination pathway (Scheme 6). [24] 
Conclusion
In the last four years our group has designed two complementary catalytic asymmetric transformations to access chiral aldehydes. Substantial hurdles in the isomerization of PAA have been overcome by detracting a well-established hydrogenation catalyst from its initial task. Identifying the nature of donor atoms one can combine to observe catalytic activity in the isomerization subsequently became instrumental for the development of the asymmetric variant of this reaction. The modification and use of known chiral (P,N) ligands subsequently enabled access to β-chiral aldehydes in high yields and unprecedented enantioselectivities. The mechanism of this transformation has been investigated in detail and led to the synthesis of two additional generations of catalysts with improved performances for the most difficult PAA. Access to a variety of α,β-chiral aldehydes was achieved by combining chiral organometallic iridium catalysts with chiral secondary amine-based organocatalysts. Despite major advances in the asymmetric isomerization of PAA, numerous challenges remain to be addressed regarding the scope of this reaction. In particular, (Z)-configured PAA, substrates with either a 2,3-substitution pattern or tetrasubstituted olefins are all resistant to efficient catalytic asymmetric isomerization.
We have also developed an iridiumcatalyzed hydroboration of notoriously challenging 1,1-disubstituted olefins. The corresponding adducts have been obtained with consistently perfect anti-Markovnikov regioselectivity, good yields and promising enantioselectivities for a series of styrenyl derivatives.
Although not yet in the practical range, we anticipate that our discovery in the asymmetric hydroboration of 1,1-disubstituted olefins will open up new perspectives for the asymmetric hydrofunctionalization of various classes of alkenes and alkynes. Achieving perfect anti-Markovnikov regioselectivity for hydrofunctionalizations of alkenes was defined as one of the top ten challenges in industrial catalysis ca. 20 years ago. [25] Remarkably, this remains an unsolved chemical problem today. 
